Abstract-This paper describes the simulation, design, realization, and experimental test of a tapered transmission line (TL) for adapting a broad-band impulse generator to a radiating antenna, for a frequency range of 50 MHz-1 GHz. Two different taper geometries are considered and discussed in the analysis: exponential and logarithmic. Two analysis methods are also used: 1) analytical equations obtained by applying the TL theory and 2) full-wave numerical simulations in both frequency and time domains using Comsol. It is shown that, in general, an exponential taper performs better than a logarithmic one, particularly at high frequencies. Time-domain simulations reveal that, for fast transient subnanosecond pulses, both tapers can be used equivalently and the signal does not suffer from any significant distortion while traveling along the tapers. We also show that analytical equations obtained using the TL theory are in very good agreement with full-wave simulation results and can be used advantageously in the design of tapers. This paper also presents the mechanical design and the realization of an exponential taper used for the connection of a 50-Ω pulser to a half-impulse radiating antenna (HIRA) having an input impedance of 100-Ω. The realized taper is fully characterized in the frequency domain using a vector analyzer and in the time domain using a reflectometer and shown to be performing in agreement with the simulations.
I. INTRODUCTION
T HE MATCHING of impedances to transmission lines (TLs) is of capital importance to ensure signal integrity [1] . In the case of single-frequency or narrow-band signals, diverse matching networks, consisting of lumped elements or TL segments, can be successfully implemented (e.g., [2] ). N. Peña is with the Los Andes University, Bogotá 111711, Colombia (e-mail: npena@uniandes.edu.co).
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Digital Object Identifier 10.1109/TPS.2012.2230340 The situation is quite different when impedance matching is required over a wide band of frequencies. In this case, matching can be achieved by using a tapered TL. The aim of this paper is the matching of a 50-Ω off-the-shelf impulse generator to a half-impulse radiating antenna (HIRA) having an input impedance Z A = 100 Ω. The impulse voltage contains energy in a band of frequencies ranging from dc to about 1 GHz. Achieving good matching at low frequencies requires the use of a long tapered TL [3] which is impractical for this type of applications. We decided therefore to work in a band of frequencies between 50 MHz and 1 GHz, which coincides with the bandwidth of the considered HIRA.
The HIRA consists of a half parabolic reflector placed over a ground plane [4] . The reflector is illuminated by two TEM horn feeders connected to an impulse voltage source. The feeders are connected to the reflector through a set of matching resistors. A description of the ensemble can be seen in Fig. 1 . The HIRA is a modified monopolar version of the full IRA, presented by Baum in [5] . Both devices have been used to produce impulse electromagnetic fields in several applications, such as EMC immunity testing and ground penetrating radar (e.g., [6] ).
One of the advantages of using a HIRA, instead of a full IRA, is that it avoids the use of ultrawideband high-voltage 50-200-Ω baluns based on TLs. See, for example, [7] . These devices require the use of high-frequency 100-Ω high-voltage cables, which are very difficult to find in the market. On the other hand, the maximum breakdown voltage tolerated by a taper considered in this paper depends on the 50-Ω input connector. If a taper with a higher dielectric strength is required, the same methodology of design here presented can be applied, and the only difference will be the dimensions of the input connector.
Another minor inconvenience of the 50-200-Ω balun is its poor performance at low frequencies. In the case of our application, we needed a good response at low frequencies, even though the gain of the HIRA is poor at these frequencies.
This paper is organized as follows. In Section II, a brief description of the theory of tapered TLs is presented. Section III presents the design of an exponential tapered coaxial TL, as well as the theoretical analysis and the simulation of the response of the proposed design. The design of a logarithmic tapered coaxial TL is presented in Section IV, and a comparison between exponential and logarithmic tapers is presented in Section V. In Section VI, we describe the manufacturing process of the taper. Section VII presents the measurements of the impedance of the taper along its length using a time-domain reflectometer (TDR). Section VIII presents the measurement results of the characterization of the taper in the frequency domain. Conclusions are presented in Section IX.
Parts of the analysis presented in Sections II and III are based on [8] . For the sake of self-consistency, they are included in this paper with the aim of giving a better picture of the design of the taper, as well as presenting the complete relationship between the analytical, simulated, and measured responses of the device.
II. TAPERED TLS
Tapered TLs have been used as high-pass matching devices for both harmonic and transient signals. When discussing frequency-domain applications, the work presented by Collin [9] constitutes the reference for exponentially varying tapered TLs. In [10] , Klopfenstein proposes an optimum tapered adaptor that presents a minimum reflection coefficient at its input for a determined TL length.
The propagation of short pulses along tapered TLs has been investigated for applications ranging from laser driving circuits [11] - [14] to the matching of UWB circuits and antennas [15] , [16] .
In [3] , Baum and Lehr analyzed the use of tapered TL transformers for high-voltage pulses, concluding that the exponential profile minimizes the pulse droop after the initial rise time.
In [17] , the construction of a logarithmic coaxial adaptor for HIRAs is presented.
A preliminary remark on the used terminology to describe the tapered lines is in order. In this paper, the terms "exponential" and "logarithmic" refer to the profile of the impedance, rather than the geometrical profile of the line along its length.
III. EXPONENTIALLY TAPERED TL
A general circuit diagram of a tapered TL for matching a source to a load is shown in Fig. 2 in which the tapered line is represented by a two-port circuit. The characteristic impedance of the matching line Z(x) should vary smoothly as a function of the distance x, from the impedance of the source Z 0 at Port 1, The quality of the matching in the frequency domain can be expressed in terms of the reflection coefficient Γ(f ) at Port 1
where Z i is the input impedance of the matching TL. Γ(f ) depends on the length of the matching TL L, the variation of the impedance as a function of x, and the frequency of operation f . It can be evaluated [9] by solving the differential equation
in which v p is the wave propagation speed, c is the speed of light, and ε r is the relative permittivity of the dielectric filling material. If Z(x) is assumed to vary exponentially
an analytical solution for (2) can be derived [9] 
The exponential factor a in (4) can be determined as a function of the source and load impedances
Moreover, the factors C and R in (5) are given by
Moreover, (5) reduces to Equation (10) is a high-frequency approximation of (5). However, in our case, the difference between (10) and (5) at low frequencies is negligible.
The zeros of (10) are located at frequencies
where n is a positive integer.
From (10), it can be deduced that
The bigger this factor, the faster the decrease of Γ as a function of frequency. Due to space restrictions related to the size of the HIRA, the line should not be larger than 0.7 m. Therefore, in order to increase the electric length of the line, a dielectric filling material with ε r = 2.2 was chosen.
Replacing these values in (5) and taking into account that the required minimum matching frequency is 50 MHz, the calculated physical and electrical lengths of the line to ensure a reflection coefficient Γ(f ) < −10 dB are given by
where L e is the equivalent electric length of the line. Fig. 3 shows Γ(f ) as a function of the frequency. It can be seen that the matching criterion Γ(f ) < −10 dB is fulfilled for frequencies above 50 MHz.
The transfer function T between V L (f ) and V s (f ) can be evaluated as [11] 
where The voltage "amplification factor" G(f ) of the taper can be defined as
The factor G(f ) can be thought of as the ratio of the voltage effectively delivered to the load (Z L = 100 Ω) and the voltage that would have been delivered in the absence of the taper and for a matched load (Z L = 50 Ω). Fig. 4 shows both T (f ) and G(f ) as a function of frequency. It can be seen that, at high frequencies,
At the same frequency range, it can be seen that V L (f ) is 1.4 times as large as V i (f ).
A. Taper Geometry Design
The tapered TL performs a physical transition between the output connector of the generator (Coaxial N, chassis-mount connector) and the antenna's input connector.
At the input port, the sizes of the inner (r 1 ) and outer (r 2 ) conductors of the taper should correspond to the N-type chassis-mount connectors, namely
At the output port, the taper is connected to the coaxial input port of the antenna, with radii
It can be seen that the radius of the inner conductor must vary from 1.5 to 2.5 mm over a length of 600 mm, following some progressive profile. The simplest assumption is a linear variation between these two values. Manufacturing such a geometry in a computer numerical control (CNC) machine or in a lathe is quite a challenge. In order to avoid that, the whole taper was divided into three regions, the profile of which is shown in Fig. 5 .
In Region 1, we have a 30-mm-long 50-Ω coaxial conical TL. In this section, both the inner and outer conductor radii increase linearly with the longitudinal distance.
In Region 2, we have a coaxial transition, with an impedance varying exponentially from 50 to 100 Ω, over a total length of 600 mm. The overall length of the taper is 660 mm. The geometrical details of the three regions are summarized in Table I .
Along the exponential section of the line (Region 2), the characteristic impedance is given by
where r 1 (x) is constant given by
Using (19) and (20), an exponential profile for the impedance can be achieved by calculating r 2 (x) as
in which a is given by (6) . A plot of the variation of the taper impedance as a function of the longitudinal distance x is shown in Fig. 6 .
B. Numerical Simulations
Frequency-Domain Simulations: The designed taper was simulated in the frequency domain using the 2-D-axialsymmetry frequency-domain TM-wave module in Comsol.
The geometry used in the simulation is shown in Fig. 7 . It consists of a 2-D cut of the taper line. In order to compare the results with the analytical solution (10), we have considered a purely exponential profile along the taper. The inner and outer conductors are modeled as perfect electric conductors. The central axis of the coaxial is the rotational symmetry axis of the geometry. A signal, 1 W in power, was applied to Port 1 (50 Ω). At the output port (Port 2), a 100-Ω coaxial port was defined. The frequency range of the signal is 50-500 MHz. Fig. 8 shows the simulated results for Γ(f ), along with the theoretical results obtained using (10) . It can be seen that the analytical solution (10) yields results that are in very good agreement with numerical simulations. The magnitudes of the simulated and analytical transfer functions are shown in Fig. 10 . The simulated T (f ) was calculated using the scattering parameters produced by the simulation as follows [18] :
Time-Domain Simulations:
In order to analyze the distortion and attenuation of the applied signal while traveling through the taper, time-domain simulations were carried out. The taper was simulated using the time-domain 2-D-axialsymmetry TM-wave module in Comsol. The geometry is the same as that shown in Fig. 7 .
A voltage source producing a double exponential pulse V S (t) was connected to Port 1. The output impedance of the source was set to 50 Ω. Port 2 is terminated on a coaxial impedance of 100 Ω.
The signal of the source was defined as
with
The rise time and decay time of V S (t) correspond to the waveform of the pulser which will be applied to the HIRA, namely, rise time = 900 ps and FWHM = 4.7 ns.
The signals at the source V s (t), at the input port V i (t), and at the load V L (t) are shown in Fig. 11 . Note that the rise time of the output pulse is preserved.
The amplitude of V L (t) is 70% of that of V s (t); therefore, an "amplification" factor G = 1.4 can be inferred, which is in agreement with (16) .
IV. LOGARITHMICALLY TAPERED TL
In this section, we will compare the performance of the exponential taper with that of a coaxial logarithmic taper of the same electric length.
A. Taper Geometry Design
The logarithmic taper is generated by varying linearly the radius of the conductors. The logarithmic taper is again divided into three regions similar to the exponential taper (see the profile in Fig. 12) .
The inner conductor of the logarithmic taper is identical to the inner conductor of the exponential taper. The overall geometrical and electrical parameters are summarized in Table II . In Region 2, the outer conductor of the logarithmic taper is described by the linear equation
The logarithmic impedance of the taper along the linear Region 2 is given by
Fig . 13 shows the variation of the impedance as a function of the axial coordinate along the taper.
Frequency-Domain Analysis: The reflection coefficient can be obtained by inserting (25) in (2) and solving the resulting differential equation. Collin [9] simplified (25) by neglecting the rereflections in the line, leading to (26), that was solved numerically using Mathematica
The magnitudes of the reflection coefficient of the logarithmic and exponential tapers are shown in Fig. 14 . Note that the minimum matching frequency coincides in both cases. However, in the exponential case, the reflection coefficient decreases faster with frequency, indicating a better matching as the frequency increases.
Time-Domain Simulations: The logarithmic taper was simulated in the time domain using the 2-D-axial-symmetry TMwave module in Comsol. The simulation setup is equivalent to the one described in Section III. Again, we have considered here a pure logarithmic taper, i.e., Regions 1 and 2 were not included.
The input and output signals are shown in Fig. 15 . It can be seen that, as for the exponential taper, the impulse voltage is not distorted while traveling through the logarithmic taper. The amplitude of the output impulse is again 70% of that of the impulse at the source; therefore, a gain factor G = 1.4 can be inferred.
V. EXPONENTIAL TAPER VERSUS LOGARITHMIC TAPER
The question arises on whether to use an exponential or a logarithmic taper.
We have seen (see Fig. 14) that, in the frequency domain, the two tapered lines behave similarly at low frequencies (< 100 MHz). At higher frequencies, the exponential taper outperforms the logarithmic taper. In the time domain, for the considered impulse characterized by a 900-ps rise time, both tapers result virtually in the same output impulse. Therefore, we can conclude that, for this specific application, the results of both tapers are nearly identical. However, in a different scenario, the exponential taper can be more convenient; for example, if a faster signal with most of its spectral content located in high frequencies is applied, the exponential taper will produce less distortion to the signal.
Another point to consider is that the HIRA can be used for the radiation of sinusoidal signals as well. In that case, for frequencies exceeding 100 MHz, the exponential taper would be definitely a better choice.
Regarding the mechanical construction of the tapered line, the logarithmic taper appears to be easier to fabricate, for example, using a lathe. However, producing a conical profile over such a length using a lathe is not a plausible alternative. Carving the line's profile would require the use of a CNC machine, as will be described in Section VI. In this case, carving either an exponential or a linear profile represents the same challenge.
In conclusion, the exponential taper has a better performance in frequency, and its construction does not represent any extra effort compared to a logarithmic taper. In the next section, we will present the design and construction of an exponential taper only.
VI. MECHANICAL DESIGN AND CONSTRUCTION OF THE EXPONENTIAL TAPER
The taper is composed of three parts: the outer conductor, the inner conductor, and the dielectric.
The inner conductor is formed by a copper conductor, lathed according to the three-section profile (see Table I ).
The outer conductor was fabricated in aluminum using a CNC machine. Due to mechanical constraints, the conductor could not be manufactured from a single solid piece. The CNC machine cannot indeed carve into the metal on the axial direction x, over the total length of 0.66 m. Instead of that, the external conductor was split longitudinally into two halves, and each half was carved tangentially according to the defined profiles for each one of the three sections of the taper.
The dielectric filling material selected for this taper is mineral oil used in transformers (ε r = 2.2). The oil fills Regions 1 and 2. In Region 3, a plastic cap made of high-density poly- ethylene was inserted in order to contain the oil inside the cavity. The plastic cap has nearly the same dielectric constant (2.2), assuring therefore the impedance continuity.
A 3-D view and a cut view of the computer-aided-design model generated in Solidworks are shown in Fig. 16 .
A photograph of the machined metallic halves is shown in Fig. 17 .
VII. TIME-DOMAIN MEASUREMENTS
The taper was assembled, tightened, and filled with mineral oil. No leaks were detected between the pieces. The time-domain response was measured using a Tektronix SD-24 TDR.
The TDR was connected to Port 1 (input of the taper), and Port 2 (taper output) was short-circuited. The propagation velocity of the wave in oil (66% of the wave's velocity in vacuum) was taken into account in the configuration of the TDR.
The measurement of the impedance as a function of distance is shown in Fig. 18 and compared with the theoretical values predicted by (19).
It can be seen that, aside from the observed limited effects of the 50-Ω connectors, there is an excellent agreement between the measured and theoretical responses. It can also be concluded from this figure, that neither dispersion nor tangent losses are detectable in the filling oil.
VIII. FREQUENCY-DOMAIN MEASUREMENTS
The tapered TL adaptor was also characterized in the frequency domain. A vector network analyzer, Anritsu MS4630A, was connected to Port 1. Port 2 was terminated using a coaxial 100-Ω load. The measurements were performed over a frequency band from 10 kHz to 300 MHz.
The results of the measurement and the analytical calculation of Γ(f ) are shown in Fig. 19 . It can be seen that the theoretical results are in very good agreement with experimental data and the minimum matching frequency is below 50 MHz. The first resonant frequency is about 170 MHz.
The frequency-domain measurements show that the adaptor works better at high frequencies. However, at frequencies lower than 50 MHz, the reflection coefficient remains nearly equal to the required −10-dB matching threshold. In fact, near dc, the TL is much shorter than the wavelength, and the impedance that is seen at Port 1 is directly the impedance of Port 2, the reflection coefficient of which is
This fact and the calculated transfer function shown in Fig. 10 explain why the tapered adaptor can transport pulse signals, preserving the rise time (high-frequency content) without attenuating significantly the decaying part of the pulse (lowfrequency content). 
IX. CONCLUSION
We described the simulation, design, realization, and experimental test of a tapered TL for adapting a broad-band impulse generator to a radiating antenna, for a frequency range of 50 MHz-1 GHz. Two different taper geometries were considered and discussed in the analysis: exponential and logarithmic. Two analysis methods were also used: 1) analytical equations obtained by applying the TL theory and 2) numerical simulations in both the frequency and time domains using Comsol.
It was shown that, in general, an exponential taper performs better than a logarithmic one, particularly at high frequencies. Time-domain simulations revealed that, for fast transient subnanosecond pulses, both tapers can be used equivalently and the signal does not suffer from any significant distortion while traveling along the tapers.
We also showed that analytical equations obtained using the TL theory are in very good agreement with full-wave simulation results and can be used advantageously in the design of tapers.
We finally presented the mechanical design and the realization of an exponential taper used for the connection of a 50-Ω pulser to a HIRA having an input impedance Z A = 100 Ω. Such a radiating system can be used in EMC testing of devices subject to intentional electromagnetic interferences. The realized taper was fully characterized in the frequency domain using a vector analyzer and in the time domain using a reflectometer and was shown to be performing in agreement with the simulations.
Work is in progress to study the use of a dielectric lens at the end of the taper, in order to improve the conversion of cylindrical waves within the taper into spherical waves at the feeders of the HIRA.
